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REMARKS 

In the office action, the examiner rejected Claims 16, 21-23 
and 40 under 35 U.S.C. 112, first paragraph, as failing to comply 
with the written description requirement. It is stated that, in 
Claims 16 and 40, the feature "wherein, in the drilling operation, 
when hardness H of the workpiece W is lower than 500 [Hv] , a 
peripheral velocity V of the drill D is higher than (175 - H / 4) 
[m/min] and a feed amount of the drill per one revolution is 
smaller than 0.03 mm" is not described in the instant 
specification. Further, it is stated that, in Claims 16 and 40, 
the feature "when the hardness H of the workpiece W is higher than 
500 [Hv] , the peripheral velocity V of the drill D is higher than 
50 [m/min] and the feed amount of the drill D per one revolution is 
smaller than 0.03 mm" is not described in the instant 
specification . 

In the previous amendment of Claim 16 and in new Claim 40, the 
applicant has inadvertently recited that "the feed amount of the 
drill D per one revolution is smaller, than 0.03 mm" where the value 
"0.03 mm" should be --0.3 mm-- as described in the paragraph [0071] 
in the specification. Accordingly, the applicant has amended 
Claims 16 and 40 concurrently herewith to correct the numerical 
value to --0.3 mm--. Please note that this amendment is to correct 
the obvious error in the claims and thus not to cause a new issue 
problem to the pending claims. Therefore, even though this office 
action is final, the applicant respectfully requests the examiner 

-8- 


Serial No. : 10/585, 707 
Filed : July 10, 2006 

that the foregoing amendment be entered without raising the new 
issue problem. 

In the office action, the examiner rejected Claims 16, 21-23 
and 40 under 35 U.S.C. 103(a) as being unpatentable over Blechner 
(U.S. Patent No. 3,117,042). In the response to the previous 
office action, the applicant has added the limitations to Claim 16 
and 4 0 to more clearly differentiate the present invention from the 
technologies disclosed by the prior art. 

More specifically, the applicant has added the limitations to 
Claim 16 so that the features of the present invention reside in 
that (1) the drilling operation on a machined surface of the 
workpiece to impart a large local strain to the machined surface, 
(2) drilling operation causes the machined surface of the workpiece 
to be subjected to a plastic working with a true strain of at least 
1, such that said ultrafine crystal layer is formed on the machined 
surface, (3) in the drilling operation, when hardness H of the 
workpiece W is lower than 500 [Hv] , a peripheral velocity V of the 
drill D is higher than (175 - H / 4) [m/min] and a feed amount of 
the drill per one revolution is smaller than 0.3 mm, and when the 
hardness H of the workpiece W is higher than 500 [Hv] , the 
peripheral velocity V of the drill D is higher than 50 [m/min] and 
the feed amount of the drill D per one revolution is smaller than 
0.3 mm, and (4) the drilling operation is performed for the 
workpiece made of steel material with a material temperature at the 
machined surface being held in a range which is higher than an Acl 
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transformation point of the steel material and lower than a melting 
point of the steel material . 

It should be noted that, in the present invention, it is 
essential that, when the workpiece is constituted by a metallic 
material, (a) the drilling operation on a machined surface of the 
workpiece is conducted under the condition noted in the feature (4) 
in combination with (b) to impart a large local strain to the 
machined surface, (2) drilling operation is conducted by the 
condition defined in the feature (3) . Only when such a combination 
is established, the machined surface of the workpiece is subjected 
to a plastic working with a true strain of at least 1, thereby 
forming the ultrafine crystal layer on the machined surface. This 
effect is exemplified by, for example, an article "A 
microstructural investigation of the surface of a drilled hole in 
carbon steel", J.G. Li, M. Umemoto, Y Todaka, K. Tsuchiya, Acta 
Materialia, 2006, a copy of which is attached as a reference. 

The features of the present invention defined in Claim 4 0 are 
the same with respect to the features (l)-(3) of Claim 16 noted 
above. Instead of the feature of Claim 16 noted above, the present 
invention defined in Claim 40 includes the feature (5) that the 
drilling operation is performed on the surface of the workpiece 
made of a non-steel material with a material temperature at the 
machined surface being held in a range which is higher than 
substantially half a melting point of the non-steel material and is 
lower than the melting point of the non-steel material. 
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Again, it should be noted that, in the present invention, it 
is essential that, when the workpiece is constituted by a non-steel 
metallic material, (a) the drilling operation on a machined surface 
of the workpiece is conducted under the condition noted in the 
feature (5) in combination with (b) to impart a large local strain 
to the machined surface, (2) drilling operation is conducted by the 
condition defined in the feature (3) . Only when such a combination 
is established, the machined surface of the workpiece is subjected 
to a plastic working with a true strain of at least 1, thereby 
forming the ultrafine crystal layer on the machined surface. 

The cited Blechner reference is directed to the heat- treatment 
of metals for hardening. As recited in Claims 16 and 40, the 
present invention is directed to the drilling operation to improve 
the hardness, etc., of the machined surface of the workpiece. 
Rather than the drilling operation, the Blechner reference shows 
the pressing operation by a machine tool, which is mechanically 
different from the drilling operation and is not able to form an 
ultrafine crystal layer even when exerting the true strain greater 
than 1 under the temperature condition identical to the present 
invention. Especially, the present invention includes the feature 
(3) noted above which specifically define the relationship among 
the hardness of the workpiece and the peripheral velocity and feed 
amount of the drill. This feature is not shown or suggested by the 
cited Blechner reference. Thus, the present invention is not 
obvious over the cited Blechner reference. 
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In view of the foregoing, the applicant believes that the 
instant application is in condition for allowance, and accordingly, 
the applicant respectfully requests that the present application be 
allowed and passed to issue. 
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Abstract 

The microstructure of the surface of drilled holes generated under different drilling conditions in carbon steels has been investigated. It 
is found that the surface microstructure depends strongly on the drilling parameters and the hardness of the matrix. White etching layers, 
composed of an equiaxed nanocrystalline structure layer with an average grain size of the order of several 10 nm and a submicron 
grained layer containing fresh martensite along the depth, formed on the hole surfaces during drilling at moderate to high cutting speed 
in carbon steels with high matrix hardness. The existence of a high content of austenite at the hole surface suggests that dynamic phase 
transformation (DPT) from body-centered cubic to face-centered cubic occurred during high-speed drilling. It is proposed that the ultra- 
fine structure layer on the surface of a drilled hole is produced by severe plastic deformation-induced DPT together with a large strain 
gradient and high strain rate. 

© 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved. 

Keywords: Nanocrystalline structure; Dynamic phase transformation; Severe plastic deformation; Drilling; Carbon steels 


1. Introduction 

Drilling has been widely used in manufacturing as a pro- 
cess to remove material. It has been reported that drilling 
accounts for nearly 40% of all the metal removal opera- 
tions in the aerospace and automobile industries [1]. Dur- 
ing drilling, metallurgical transformation and, perhaps, 
chemical interactions take place near the hole surface in 
workpieces due to the intense, localized and rapid thermal 
mechanical working. Thus the worked surface can show an 
extremely different structure from the bulk material. This 
type of problem has attracted substantial research in the 
field of so-called "surface integrity", a term encompassing 
all aspects of surfaces, such as residual stress, microhard- 
ness, surface finish and microstructure [2]. It is believed 
that the surface integrity has a strong impact on the perfor- 
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mance of a product. The conventional manufacturing pro- 
cess consists of matrix drilling in the soft state, followed by 
hardening using heat treatment [3]. The influence of the 
surface integrity, such as microstructure and residual stress, 
introduced by drilling is thereby decreased or removed 
completely. Recently, with increasing demands on dimen- 
sion accuracy and higher production rates, the high-speed 
drilling of hardened materials as a finishing process has 
become applicable due to the development of tough tools 
with high abrasion resistance. As a finishing process, the 
surface microstructures introduced by the drilling remain 
in the final products. Therefore, to guarantee the mechan- 
ical properties of components, the surface microstructure 
of the drilled parts becomes progressively more important. 
Field et al. [4] and Griffith [5] studied the microstructure 
adjacent to drilled holes in hardened steels and reported 
that a so-called white etching layer (WEL) formed on the 
hole surface. The term WEL originated from the fact that 
it appears white under the optical microscope. In the liter- 
ature, WELs have been widely reported in many material 
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removal processes, such as turning [6,7], grinding [8,9], 
electrical discharge machining (EDM) [10] and milling 
[11], as well as drilling [4,5]. However, the formation mech- 
anisms and microstructure of WEL produced in machining 
of hardened steels are still not clearly understood. It is 
commonly thought that the WEL is composed of untem- 
pered martensite (a) and austenite (y). The volume frac- 
tions of a and y in the WEL have been a controversial 
subject discussed in a number of papers. Tonshoff [12] 
and Chou and Evans [6] have reported that the volume 
fraction of retained austenite in WEL increases threefold 
compared with that in virgin work material with 11%. In 
contrast, Akcan et al. [13] suggest that the amount of y, 
if any, is much less than 10% in the WEL after turning 
the same material used in Refs. [6,12]. Remash et al. [14] 
reported that the volume fraction of y in the WEL is chan- 
ged with the cutting speed. Two different proposals on the 
formation mechanism of the WEL have been proposed, 
corresponding to the different compositions of the WEL. 
One is that the deformation of material due to very large 
strain is the principal factor contributing to the formation 
of the WEL with a low y content [14,15]. The other is that 
the WEL is a phase- transformed layer where re-austeniza- 
tion occurs during machining due to rapid heating and 
cooling combined with the high pressure generated by the 
action of the tool [6,12]. Furthermore, the effect of the 
white layer on component performance has still not been 
clarified and is not well understood. Some researchers con- 
sider that the WEL is detrimental to the fatigue properties 
of the component [4,16], while others have reported that 
the WEL is beneficial to tribology [16-18]. It has also been 
suggested that the fatigue strength depends on the machin- 
ing process [19]. Therefore, to clarify the aforementioned 
controversial subjects and to optimize the performance of 
the machined surface, more experiments are needed if 
today's industrial production and scientific research are 
to understand and characterize the surface microstructure 
produced by the different machining processes and process 
parameters. 

In the present study, the microstructures near the surface 
of holes drilled under different conditions in carbon steels 
with different matrix structures are investigated by detailed 
characterization involving scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), X-ray 
diffraction (XRD) and the Vickers microhardness tester. It 
is found that the surface microstructure depends strongly 
on the drilling parameters and the matrix hardness. The 
WEL is observed on hole surfaces drilled at a moderate to 
high cutting speed when the matrix hardness is above a cer- 
tain value. The formation mechanism of the WEL on the 
drilled hole surface is discussed based on the microstructural 
observation and XRD analysis. 

2. Experimental procedures 

The materials used in this study were Fe-0.56% C steels 
in ferrite and pearlite, martensite and tempered martensite 


structures; Fe-0.80% C steels in martensite, fine lamellar 
pearlite and coarse lamellar pearlite structures; and a com- 
mercial bearing steel (SUJ2) in a tempered martensite struc- 
ture. The nominal chemical compositions of the steels are 
given in Table 1. For Fe-0.56% C and Fe-0.80% C steels, 
martensite structures were prepared by austentizing at 
1273 K for 3.6 ks and then quenching in ice water. Coarse 
and fine pearlite structures were obtained by isothermal 
transformations at 963 and 893 K, and the interlamellar 
spacings of coarse and fine pearlite were about 900 and 
170 nm, respectively. For SUJ2 steel, the specimen was 
annealed at 1103 K for 30 min, oil quenched at 323 K and 
then tempered at 443 K for 40 min. The drilling experiments 
were performed at cutting speeds from 20 to 100 m/min 
with feeding rate from 0.01 to 0.05 mm/rev by using a sin- 
tered carbide drill with diameters of 2.5 and 5.0 mm. Oil 
mist was used as a coolant. The microstructure was charac- 
terized using SEM, TEM and XRD. SEM observations 
were carried out on a JEOL JSM-6500FT microscope after 
polishing and etching the samples with 5% Nital. TEM 
observations were performed on a Hitachi H-800 transmis- 
sion electron microscope working at 200 kV. XRD analysis 
was conducted on a RINT-2500VHF X-ray diffractometer 
with Cu Ka radiation. Quantitative phase analysis was car- 
ried out using Rietveld software QUANTO. The hardness 
measurement was carried out using a MVK-G1 Vickers 
microhardness tester with a load of 98 mN holding for 10 s. 

3. Results and discussions 

3.1. The microstructures near the hole surface 

3.1.1. The influence of the matrix microstructure 

To check the influence of the matrix structure on the 
hole surface, the microstructures near the hole surface 
drilled at a cutting speed of 80 m/min with feed rate of 
0.05 mm/min in Fe-0.56% C and Fe-0.80% C steels were 
observed by SEM and TEM. Fig. 1 shows the typical 
cross-sectional (section perpendicular to hole axis) SEM 
micrographs near the hole surface in Fe-0.56% C steels 
with different matrix microstructures. The Vickers microh- 
ardness values of different matrix structures are presented 
in the images. When the matrix structure is pearlite with 
a lower hardness of 2.9 GPa (Fig. la), only a heavily flowed 
microstructure is seen at the top surface. For the tempered 
martensite specimen with a hardness of 4.5 GPa, WELs 
with a thickness of about 4.5 ^m are observed (Fig. lb). 
For the as-quenched martensite specimen with a hardness 


Table 1 


The nominal chemical composition of the used carbon steels (figures in 
wt.%) 



C 

Si 

Mn 

P 

S 

Cr 

Fe 

Fe-0.56% C 

0.56 

0.20 

0.72 

0.12 

0.014 

0.10 

Balance 

Fe-0.80% C 

0.80 

0.20 

1.33 

0.010 

0.0003 


Balance 

SUJ2 

1.10 

0.35 

0.50 

0.025 

0.025 

1.60 

Balance 
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Fig. 1. Cross-sectional (section perpendicular to hole axis) SEM micrographs near the hole surface in Fe-0.56% C steels with different matrix 
microstructures (cutting speed: 80 m/min, feeding rate: 0.05 mm/rev, drill diameter: 5.0 mm), (a) Pearlite, (b) tempered martensite and (c) martensite. The 
Vickers microhardness values of different matrix structures are shown in the images. 


of 7.8 GPa, a WEL with a thickness of about 1 1 urn is gen- 
erated on the hole surface (Fig. 1c). In each case, beneath 
the WEL, the deformed flow structure, which is inclined 
to the cutting direction, can be seen, which indicates that 
severe deformation occurred near the drilled hole surface. 

Fig. 2 shows typical cross-sectional SEM micrographs 
near the hole surface in Fe-0.80% C steel with different 
matrix microstructures. The Vickers microhardness values 
of the different matrix structures are shown in the images. 
It is found that a WEL formed on the hole surface of all 
three structures. For the coarse lamellar pearlite of hard- 
ness 3.2 GPa, the thickness of the WEL is only around 
1.0 urn (Fig. 2a). Although the fine lamellar pearlite is just 
a little harder than the coarse lamellar pearlite, the thick- 
ness of the WEL is increased to 3.0 (am, which is three times 
that of the coarse lamellar pearlite. When the matrix struc- 
ture is as-quenched martensite with a hardness of 8.1 GPa, 
the thickness of the WEL is about 13.6 urn. Between the 
WEL and the matrix is a deformed layer. The correlation 
between the thickness of the WEL and the matrix hardness 
of the drilled Fe-0.56% C and Fe-0.80% C specimens 


obtained in the present study is plotted in Fig. 3. It is clear 
that the thickness of the WEL depends strongly on the 
matrix hardness, increasing in a roughly linear fashion with 
the matrix hardness. 

Fig. 4a shows cross-sectional high-magnification SEM 
micrographs near the hole surface and a TEM image on 
the topmost surface of a drilled hole in Fe-0.56% C steel 
with a ferrite and pearlite microstructure. It is seen that 
the cementite plates become thinner and the interspacing 
of the cementite plates reduces close to the surface. On 
the topmost surface, all the cementite plates are orientated 
parallel to the cutting direction. Near the hole surface, var- 
ious deformations of the cementite, such as bending, neck- 
ing and fragmentation, are observed. 

The microstructure on the topmost surface of the drilled 
holes was observed by TEM. The deformed structure with 
a high density of dislocation is observed, as show in 
Fig. 4b. The selected area diffraction (SAD) pattern indi- 
cates that the microstructure is composed of body-centered 
cubic (bcc) ferrite and cementite. Fig. 4c shows a dark field 
TEM micrograph taken from the first ring ({110} a ) of 
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Fig. 2. Cross-sectional (section perpendicular to hole axis) SEM micrographs near the hole surface in Fe-0.56% C steels with different matrix 
microstructures (cutting speed: 80 m/min, feeding rate: 0.05 mm/rev, drill diameter: 5.0 mm), (a) Coarse lamellar pearlite, (b) fine lamellar pearlite and 
(c) martensite. The Vickers microhardness values of different matrix structures are shown in the images. 
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Fig. 3. Relationship between the thickness of WEL and matrix hardness 
of the specimen in carbon steels (cutting speed: 80 m/min, feeding rate: 
0.05 mm/rev, drill diameter: 5.0 mm). The dash line is fitted according to 
the discrete experimental results. 


SAD pattern in Fig. 4b. The grains are of irregular shape 
and several hundred nanometers in size, and some nano- 
crytalline cementite particles are seen. These results suggest 
that strong deformation occurred near the surface of the 
drilled hole. 

Fig. 5 shows the cross-sectional SEM and TEM micro- 
graphs near the hole surface with high magnification in 
Fe-0.56% C steel with as-quenched martensite structure. 
The WEL has a sharp boundary with the adjacent micro- 
structure on the surface of the drilled hole. It is noticed that 
the microstructure of the WEL is inhomogeneous with dis- 
tance from the surface. Close to the topmost surface, a 


2- to 3-um-thick featureless microstructure layer is 
observed. TEM observation (Fig. 5b) shows that the micro- 
structure of this layer consists of equiaxed grains with an 
average grain size of the order of 10 nm. The continuous 
rings of the SAD pattern indicate the polycrystalline nature 
of the material and the random orientation of the grains. 
This diffraction pattern is dominated by the strong diffrac- 
tion rings from the bcc ferrite structure. It is noted that sev- 
eral diffraction rings can be interpreted as austenite 
reflections. Beneath the nanocrystalline structure layer, a 
submicron grain layer with a mixed structure of nano- to 
submicron-sized grains and grains with a twinned structure 
in the 100-200 nm size range (marked by the circles in 
Fig. 5c) is observed. Such a twinned structure is typical 
of high carbon steel martensite. The SAD pattern shows 
that the microstructure can be indexed as austenite, twin- 
ning martensite and ferrite. Due to the proximity of ferritic 
diffraction rings to the martensitic ones, the diffraction 
rings of ferrite are not given in Fig. 5c. Since the starting 
structure is lath martensite, it is considered that the 
twinned martensite is formed during quenching after dril- 
ling. Close to the bottom of WEL, submicron-sized deeply 
etched islands surrounded by a smooth contrast area are 
seen. From the similar etched contrast of islands with the 
ferrite just beneath the WEL, it was deduced that the island 
areas are retained ferrite (not re-austenization) and the sur- 
rounding smooth contrast areas are fresh martensite 
formed during quenching after drilling. These observed 
microstructures suggested that a re-austenite phase trans- 
formation occurred during drilling. Just below the WEL, 
a layer consisting of elongated ferrite grains with 
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Fig. 4. Micrograph near surface of a hole in quenched Fe-O.56% C steel with a pearlite structure after drilling (cutting speed: 80 m/min, feeding rate: 
0.05 mm/rev, drill diameter: 5.0 mm), (a) SEM image, (b) TEM bright field image and corresponding SAD pattern and (c) TEM dark field image taken 
from the first ring of SAD pattern marked in (b). 


J.G. Li et al I Acta Materialia 55 (2007) 1397-1406 


1401 


r r.r;r-Av; xWWxi; 



100nmj 


Fig. 5. Micrograph near surface of a hole in quenched Fe-0.56% C steel with a martensite structure after drilling (cutting speed: 80 m/min, feeding rate: 
0.05 mm/rev, drill diameter: 5.0 mm), (a) SEM image and (b) and (c) TEM bright field images and corresponding SAD patterns of (b) and (c) marked 
in (a). 


rod-shaped cementite particles precipitated at the grain 
boundaries are observed. This microstructure indicates that 
in this layer dynamic recrystallization occurred in the fer- 
rite condition during high-speed drilling. The precipitated 
cementite particles suggest that the evident temperature rise 
occurred in this area during drilling. Between the recrystal- 
lized layer and matrix, a slightly tempered deformed mar- 
tenstite structure layer is seen. In the literature, the 
recrystallized layer and deformed martensite structure layer 
are commonly referred to as 'dark layers' because of their 
dark appearance after etching under an optical microscope. 

According to the above results, two layers - a nanocrys- 
talline structure layer and a layer containing the submi- 
cron-sized twinned martensite and ferrite grains - can be 
identified in the WEL. Similar to the thickness of the 
WEL, the thickness of the nanocrystalline structure layer 
is also correlated to the matrix hardness, as shown in 
Fig. 6. It is seen that the thickness of the nanocrystalline 
structure layer increases roughly linearly with increasing 
matrix hardness when the drilling parameters are kept 
constant. 

3. 1.2. The influence of the drilling parameters 

The influence of the drilling parameters, such as cutting 
speed, feed rate and drill diameter, on the surface micro- 
structure of a drilled hole is studied in Fe-0.56% C steel 
with an as-quenched martensite structure. Fig. 7 shows 
the effect of feed rate on the surface microstructure where 
the cutting speed and drilling diameter were kept constant. 
The thickness of the WEL is found to increase from 7.5 to 
13^m when the feed rate is enhanced from 0.01 to 
0.10 mm/rev. Fig. 8 shows longitudinal section (section 
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Fig. 6. Relationship of the thickness of the WEL, the nanocrystalline 
layer and the matrix hardness of the specimen in carbon steels (cutting 
speed: 80 m/min, feeding rate: 0.05 mm/rev, drill diameter: 5.0 mm). The 
dash lines are fitted according to the discrete experimental results. 


parallel to hole axis) SEM micrographs of the hole surface 
in Fe-0.56% C steel drilled at different cutting speeds keep- 
ing the feed rate and drilling diameter as constant. The sur- 
face microstructure of the drilled hole depends strongly on 
the cutting speed. For the low cutting speed of 20 m/min 
(Fig. 8a), only a deformed structure layer is seen at the 
top surface. However, the WELs are observed on the hole 
surface drilled with a moderate to high cutting speed. The 
thickness of the WEL increases from 8 to 15 cm when the 
cutting speed is changed from 60 to 100 m/min, as shown 
in Fig. 8b-d. The effect of the drill diameter on the surface 
microstructure was studied by drilling with a cutting speed 
of 80 m/min and a feed rate of 0.05 mm/rev. The thickness 
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Fig. 7. SEM micrographs near the hole surface after drilling at different feed rates (cutting rate: 80 m/min, drill diameter: 5.0 mm). (a) 0.01 mm/rev, 
(b) 0.05 mm/rev and (c) 100 mm/rev. 
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Fig. 8. SEM micrographs near the hole surface after drilling at different cutting speeds (feed rate: 0.05 mm/rev, drill diameter: 5.0 mm), (a) 20 m/min, 
(b) 60 m/min, (c) 80 m/min and (d) 100 m/min. 


of WEL increases from 5.5 to 11 um when the drill diam- 
eter is increased from 2.5 to 5.0 mm, as shown in Fig. 9a 
and b. 

The influence of the drilling parameters on the surface 
microstructure of drilled hole has been also studied in 
SUJ2 steel with a tempered martensite structure. 
Fig. 10 shows the correlation between the thickness of 
the WEL and the drilling parameters. It is seen that 
the thickness of the WEL depends strongly on the dril- 
ling parameters. In the current drilling conditions, the 
WEL cannot be observed on the surface of the drilled 
hole until the cutting speed is more than 40 m/min. Sim- 
ilar to that of Fe-0.56% C steel, the thickness of the WEL 
increases with the enhancement of cutting speed and feed 
rate. 

3.2. XRD spectra of the drilled hole surface 

The phases which appear on the drilled hole surfaces in 
Fe-0.56%' C and Fe-0.80% C steels were analyzed using 
XRD spectrometry. Fig. 1 1 shows the XRD spectra taken 
from matrix material of as-quenched martensite and drilled 
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Fig. 9. SEM micrographs near the hole surface after drilling with different 
drill diameters (cutting rate: 80 m/min, feed rate: 0.05 mm/rev), (a) 2.5 mm 
and (b) 5 mm. 


specimens of Fe-0.56% C steels. The XRD pattern of the 
matrix exhibits high-intensity oc'-phase (martensite) peaks 
and very low-intensity retained austenite peaks. The quan- 
titative analysis by XRD shows that the volume fraction of 
the retained austenite is less than 1%. In the XRD spectrum 


* 


J.G. Li et ah I Acta Materialia 55 (2007) 1397-1406 


1403 



20 30 40 50 60 70 80 90 100 

Cutting speed, m/min 

Fig. 10. The variation of the thickness of WELs with the cutting speed 
and feed rate after drilling in SUJ2 steel with a drill diameter of 2.5 mm. 
The numbers in the figure are the feed rate values. 
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Fig. 11. X-ray diffraction spectra of quenched Fe-0.56% C with a 
martensite structure before and after drilling (cutting speed: 80 m/min, 
feeding rate: 0.05 mm/rev, drill diameter: 5.0 mm). 


of the surface of a hole drilled at a cutting speed of 80 m/ 
min with a feed rate of 0.05 mm/rev, the volume fraction of 
austenite is about 15%, which is substantially higher in 
comparison with that of the matrix. The XRD spectra of 
the hole surface in Fe-0.80% C steels drilled at a cutting 
speed of 80 m/min with a feed rate of 0.05 mm/rev is shown 
in Fig. 12. No cementite peak can be detected on the sur- 
faces of the drilled holes, which indicated that all the 
cementite plate has dissolved. The intensity of the austenite 
peak in drilled fine lamellar pearlite is a little higher than 
that in drilled coarse lamellar pearlite, which is in agree- 
ment with the thickness of the WEL on these two surfaces. 
For the as-quenched martensite of Fe-0.80% C steel, the 
volume fraction of austenite is as high as 37% on the sur- 
face of the drilled hole. It is reported that the mechanical 
working of martensitic steel decreases the amount of 
retained austenite due to strain-induced transformation 
[20]. Therefore, the austenite present on the surface of a 
drilled hole is unlikely be of the original matrix structure; 
rather, it is introduced by the phase transformation from 
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Fig. 12. X-ray diffraction spectra of quenched Fe-0.56% C with different 
matrix structures after drilling (cutting speed: 80 m/min, feeding rate: 
0.05 mm/rev, drill diameter: 5.0 mm). 


matrix structure to austenite during drilling. It is noted that 
the high volume fraction of austenite corresponds well to 
the thick WEL, which is further confirmation that the 
WEL is a phase-transformed layer. Compared with the 
XRD spectrum of the matrix material, it is seen that 
the ferrite peaks in the XRD spectra of the drilled hole sur- 
faces were broadened (Fig. 1 1). The broadening of the peak 
suggests the refinement of grains and an increase in 
microstrain. 

3.3. Microhardness near the surface of drilled hole 

The hardness distribution profile survey near the sur- 
face of drilled holes was carried out along the depth from 
the surface by a Vickers microhardness tester in SUJ2 
steels drilled at different cutting speeds with a feed rate 
of 0.05 m/min and a drill diameter of 2.5 mm. The results 
are shown in Fig. 13. It is found that the microhardness 
value changes with cutting speed and the depth from 
the hole surface. At a cutting speed of 20 m/min, the sur- 
face hardness is lower than that of the matrix, although a 
deformed structure is observed. The decrease of the sur- 
face hardness results from the further tempering of the 
matrix martensite structure due to the deformation heat- 
ing. For the surface drilled at a cutting speed of 40 m/ 
min, the decrease of the hardness becomes more severe 
than that observed at lower cutting speeds. It should be 
mentioned that the hardness of the WEL on the hole sur- 
face drilled at a cutting speed of 40 m/min could not be 
measured since the layer is too thin to make the measure- 
ments. For the surface drilled at a cutting speed of 80 m/ 
min, a hardness of about 9.7 GPa is obtained near the 
topmost surface. This gradually decreases to 9.2 GPa near 
the bottom of the WEL due to the increase in grain size. 
Just below the WEL, the hardness reduces rapidly, reach- 
ing a minimum value of approximately 5.8 Gpa, which 
corresponds to the dark layer, and then increasing gradu- 
ally back to the matrix hardness of about 7.8 GPa. The 
characteristics of hardness depth profile for the hole 


» 


J.G. Li et ah I Acta Materialia 55 (2007) 1397-1406 


1404 


10 



5- 

4 H — ' — i — i — i — i — i — i — i — • — i — i — i — » — i — ■ — 
0 20 40 60 80 100 120 140 160 

Distance from the surface, urn 

Fig. 13. Microhardness distribution profile near the surface of the drilled 
hole in SUJ2 steels drilled at different cutting speeds with a feed rate of 
0.05 m/min and drill diameter of 2.5 mm. 

surface drilled at a cutting speed of 100 m/min is similar 
to that drilled at 80 m/min, in which the WEL is much 
harder than the matrix material and the dark layer is 
softer than the bulk material. It is of interest to note that 
the hardness of the dark layer produced at a cutting speed 
of 100 m/min is much harder than that produced at 80 m/ 
min and slightly softer than the matrix. This is considered 
to improve the performance of the products with drilled 
holes. 

Fig. 14 shows the hardness distribution profile near the 
hole surface in Fe-0.80% C steels with different matrix 
structures drilled at a cutting speed of 80 m/min with feed 
rate of 0.05 mm/rev. For the drilled lamellar pearlite, the 
hardness monotonously decreases to the matrix hardness 
with depth from the hole surface. However, for the hole 
surface of the drilled as-quenched martensite, the WEL is 
harder than the matrix and the dark layer is softer than 
the matrix. 
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Fig. 14. Microhardness distribution profile near the hole surface in Fe- 
0.56% C steels with different matrix structures drilled at a cutting speed of 
80 m/min with a feed rate of 0.05 mm/rev and a drill diameter of 5.0 mm. 


4. Discussion 

In the present study, the influences of the drilling param- 
eters and matrix structure on drilled holes in various carbon 
steels have been investigated. The present experimental 
results provide a description of the process conditions lead- 
ing to the formation of WELs by drilling and a character- 
ization of the structure and hardness of those WELs. 
Micros tructural observations show that the WELs can be 
generated on hole surfaces drilled at moderate to high cut- 
ting speeds in carbon steels when the matrix hardness is 
above a certain value, such as with tempered martensite, 
lamellar pearlite and as-quenched martensite microstruc- 
ture. This indicates that both drilling parameters and matrix 
hardness play vital roles in WEL formation. XRD analysis 
has detected that the amount of austenite presented in the 
WEL depends on the work materials. The retained austenite 
content in the WEL formed in Fe-0.80% C carbon steels 
with an as-quenched martensite structure is as high as 
37% in volume fraction, which is significantly higher than 
that of the matrix. The larger volume fraction of the austen- 
ite in WEL than that of its matrix has been reported in the 
WEL generated by hard turning by, amongst others, Chou 
and Evans [6], Tonshoff et al. [12], Liermann [21] and 
Matsumoto [22]. They proposed that the WELs formed on 
the hard turned surface are a phase-transformed layer. The 
present study clearly demonstrate that the WEL appearing 
on the drilled hole surface is also a phase-transformed layer 
in which re-austenitization has occurred during drilling. 
Since the phase transformation in the WEL is induced by 
deformation, we define this kind of phase transformation 
as dynamic phase transformation (DPT) in order to distin- 
guish it from that which results from pure heat treatment 
without deformation. 

SEM and TEM observations have shown that irregular- 
shaped submicron grains with a high density of disloca- 
tions are generated on the topmost surface of the drilled 
hole where no WEL has been seen. Equiaxed nanocrystal- 
line structure layers are observed only on the topmost sur- 
face of the WEL where DPT occurred. Recently, a number 
of studies have reported that phase transformation 
occurred during the formation of the nanocrystalline struc- 
ture by SPD: for instance, on the surface of hard turned 
steel [14], ball milled austenitic stainless steel particles [26] 
and high-pressure torsion-processed high carbon steels 
[27,28]. Since these phase transformations are induced by 
deformation, it is quite possible that the phase transforma- 
tion that occurred in these studies was DPT. Therefore, 
DPT is considered to play a significant role in the forma- 
tion of nanocrystalline structure. In practice, DPT has been 
well known as an effective mechanism to produce ultrafine 
ferrite grains in steels through the nucleation of new phases 
at the grain boundary and intragraunlar nucleation during 
thermomechanical processes [13-15]. However, the DPT in 
conventional hot and warm rolling processes can only pro- 
duce ferrite with a grain size of around 1-3 um [23,24]. It 
has been reported that the grain size of the final structure 
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produced by DPT decreases with the increase of strain, 
strain rate and initial grain size [24,25]. Compared with 
the traditional therm omechanical processes, one main 
characteristic of those SPD methods employed to produce 
a nanocry stall ine structure is that a large strain and strain 
rate can be introduced. Thus the finer grain structure was 
obtained through DPT induced by SPD. On the other 
hand, the inhomogeneous deformation with a large strain 
gradient is another important common characteristic of 
the aforementioned SPDs used to produce a nanocrystal- 
line structure. Theoretically, a geometrically necessary 
dislocation (GND) is developed to ensure compatibility 
of deformation and accommodate strain gradients during 
inhomogeneous deformation [29,30]. The density of the 
GND is directly proportional to the strain gradient. 
The estimations of strain and strain gradient based on the 
microstructure of the hole surface show that the large 
strain and strain gradient can be introduced by the drilling 
process, and they decrease with depth from the top surface 
[31]. The large strain gradient on the drilled hole surface is 
beneficial in that it introduces a high density of disloca- 
tions, which can evolve into cell or grain boundaries under 
the large strain deformation, thereby refining the structure. 
Moreover, the high density of grain boundaries and dislo- 
cations provide a very large number of nucleation sites dur- 
ing DPT, which may be expected to lead to further 
refinement of the microstructure. As a result, the nano- 
to submicron structure is produced on the hole surface 
by SPD-induced DPT together with a large strain gradient 
and high strain rate. 

To explain the DPT process induced by SPD in carbon 
steels, two main mechanisms have been proposed. One is 
the thermally driven phase transformation mechanism in 
which the temperature rise is higher than the equilibrium 
austenite temperature due to the adiabatic deformation 
heating [14,33,34]. The other is the deformation-driven 
transformation in which the driving force of DPT is pro- 
vided by the Gibbs free energy of ultrafine bcc grains 
together with very high shear stresses far from the condi- 
tions predicted according to the equilibrium diagrams 
[28,32]. In nature, these two mechanisms are very difficult 
to separate since the SPD is always accompanied by the 
temperature rise due to deformation heating and the driv- 
ing forces for the phase transformation and the kinetics 
of the process can be changed by the superimposed plastic- 
ity [35], Therefore, it is most likely that the two mecha- 
nisms act in combination to a lesser or greater degree to 
produce the DPT. As for which is dominant, it depends 
both on the alloys and on the deformation conditions 
[35]. In the present work, although the experiments were 
performed at room temperature and a coolant was used, 
the temperature rise produced occurred near the hole sur- 
face during high-speed drilling, judging by the surface 
microstructure observation. The thickness of the nanocrys- 
talline structure layer and the WEL increases with increas- 
ing of feed rate, cutting speed and diameter of drill. It is 
known that increasing the feeding rate, cutting speed, drill 
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diameter and matrix hardness results in an increase in the 
deformation energy imposed on the surface of the hole, 
which leads to the increase in temperature. Moreover, the 
temperature rise causes thermal softening of the material, 
which contributes to further deformation of the surface 
layers, causing fragmentation of the grains and an increase 
of the surface Gibbs free energy. In addition, increasing the 
matrix hardness by heat treatment with the same chemical 
composition induces a decrease in thermal stability, which 
might decrease the phase transformation temperature. 
According to the above analysis, it is considered that the 
DPT occurring at the drilled hole surface is introduced 
by the combination of thermally and deformation-driven 
structure changes. 

The microhardness measurements show that a hardness 
gradient exists with depth from the drilled hole surface and 
the hardness depth profile changes with cutting speed and 
matrix structure. The WEL is formed near the top surface 
during drilling at moderate to high cutting speed in carbon 
steels when the matrix hardness is above a certain value. 
The maximum hardness value of WEL obtained in the 
present study is about 9.7 GPa, which is much harder than 
that of as-quenched martensite produced by conventional 
heat treatment. WELs with extremely high hardness have 
been reported in many papers on the surface of hard turn- 
ing [14], wearing [36], grooving [37-39] and shear band 
[33,34]. In general, the microhardness closely relates to 
the corresponding microstructure. Louat [40] has proposed 
that a material consisting of a harder phase and a softer 
phase, with each phase having a nanocrystalline structure, 
might have the optimum hardness and strength. In the 
present study, the microstructural characterization con- 
firms that the topmost surface of the WEL is composed 
of a mixed structure of equiaxed nanocrystalline ferrite 
and austenite. Thus, the substantial hardness achieved at 
the WEL formed on the drilled hole surface was due to 
the mixture of nanocrystalline soft and hard phases. It is 
believed that the reported high hardness of WELs 
[1433,34,36-39] is also due to the extremely fine grain 
structures of the ferrite and austenite. During drilling of 
carbon steels with as-quenched structure, a dark layer is 
produced beneath the WEL due to the over-tempering of 
martensite by deformation heating. The dark layer is softer 
than the matrix, indicating that the effect of softening by 
tempering is stronger than that of hardening by deforma- 
tion. In the case of pearlite matrix, a strain-hardened struc- 
ture layer is generated beneath the WEL during high-speed 
drilling. Therefore, the hardness continuously decreases 
with depth from the hole surface. 

5. Conclusions 

In the present study, the microstructure of the drilled 
hole surface generated under different drilling conditions 
in carbon steels was investigated by SEM, TEM, XRD 
and microhardness tester. Based on the present investiga- 
tion, the following conclusion can be drawn: 
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1 . The surface microstructure depends strongly on the dril- 
ling parameters and matrix hardness. When the matrix 
hardness or cutting speed is low, a deformed structure 
with a high density of dislocations forms on the topmost 
surface of the drilled hole. However, WELs can be gen- 
erated on hole surfaces during drilling at moderate to 
high cutting speed in carbon steels when the matrix 
hardness is above a certain value. The WELs are com- 
posed of two layers: an equiaxed nanocrystalline struc- 
ture layer (an average grain size of the order of several 
tens of nanometers) as an upper layer and a submicron 
grain layer containing fresh martensite as a lower 
layer. 

2. WEL formation depends strongly on the drilling param- 
eters and matrix hardness. The thickness of the nano- 
crystalline structure layer and the WEL increase with 
enhancement of the feed rate, cutting speed, drill diam- 
eter and matrix hardness. 

3. Microstructural observation and XRD analysis show 
that the WEL formed on the surface of a drilled hole 
is a DPT layer. The amount of austenite presented in 
the WEL depends on the microstructure and alloy com- 
positions of the processed materials. 

4. The hardness depth profile near the hole surface changes 
with the cutting speed and matrix hardness. For the as- 
quenched martensite matrix, the WEL is much harder 
and the dark layer is softer than the matrix. In the case 
of a pearlite matrix, the hardness continuously decreases 
with depth from the hole surface. 

5. It is proposed that the ultrafine structure layer on the 
surface of the drilled hole is produced by SPD-induced 
DPT together with a large strain gradient and high 
strain rate. The DPT that occurs on the drilled hole sur- 
face is introduced by both thermally- and deformation- 
driven phase transformations. 
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